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Abstract
A fully physical electro-thermal model is described. It combines the fast, quasi-2-dimensional Leeds Physical
Model of MESFETs and HEMTs, with the compact Leeds thermal impedance matrix model of time-dependent
heatﬂow in complex 3-dimensional systems. The coupled electro-thermal model is applied to the design optimi-
sation of multigate power FETs. In particular, the possibility of reducing temperature variation between gate
ﬁngers by non uniform spacing is examined. The implications for improved eﬃciency, and for possible reduc-
tion of thermal intermodulation distortion and improvement of reliability are discussed. The model is validated
experimentally by comparison of simulated results against infrared thermal images of power FETs.
I. Introduction
Fully physical modelling oﬀers the possibility of examining the eﬀects on device performance of structure
and layout, without the need to make expensive prototype fabrication and characterisation runs. This paper
describes the application of a fully physical, coupled electro-thermal model of power FETs, in the optimisation
of power FET design. Design optimisation in a multigate power FET is achieved by non uniform spacing of
ﬁngers. Simulated results are compared against experimentally obtained high resolution infrared images.
Typical power FET designs are based on uniform ﬁnger spacing. However, non uniform spacing oﬀers a degree
of design freedom to increase temperature uniformity and to reduce peak temperatures. Conventional designs
typically show a temperature peak at the center of the multiﬁnger device, with temperatures dropping to a
minimum for the outermost ﬁngers. As active device channels will all experience the same gate-source and
drain-source voltages, VGS and VDS , this temperature variation means that drain currents, ID, will vary from
ﬁnger to ﬁnger, largely due to the impact on temperature dependent mobility of temperature variation between
ﬁngers. This could in turn lead to temperature dependent eﬃciency, distortion and reliability issues, which will
be signiﬁcant in devices such as power ampliﬁers for mobile communications.
II. The Leeds Physical Model
The Leeds Physical Model (LPM) [1]–[4] is a quasi-2D physical model of MESFETs and HEMTs including
the eﬀects of self-heating. The quasi-2D approximation is based on the observation, from full 2-dimensional
simulations, that carrier transport is essentially 1-dimensional and driven by the component of electric ﬁeld
along the device channel. The LPM solves hydrodynamic equations obtained from moments of the Boltzmann
equation. It consists of continuity, momentum and energy conservation, and heat diﬀusion equations.
The LPM solves Poisson and Schrodinger equations self-consistently in the direction normal to the heteroint-
erface, to describe charge control, Fig. 1. The charge control information is calculated prior to calculation of
in-plane transport and is stored as a look-up table. The quasi-2D model includes a full description of the device
cross-section, by describing charge conservation in the vicinity of the device channel via a series of Gaussian
boxes, Fig 2. The Leeds Physical Model incorporates the eﬀects of temperature on device performance by use
of a temperature dependent low ﬁeld mobility. Velocity-ﬁeld characteristics are obtained from Monte Carlo
simulations and stored as a simple parameterisation. The LPM provides a physical large signal description of
device performance. It forms the core of the coupled electro-thermal solution presented in this paper.
III. The Leeds Thermal Impedance Matrix Model
The Leeds thermal impedance matrix model [5]–[8] solves the non linear time-dependent heat diﬀusion equation,
∇. [κ(T )∇T ] + g = ρC
∂T
∂t
, (1)
where T is temperature, t is time, κ(T ) is temperature dependent thermal conductivity, g(x, y, z, t) is rate of
heat generation, ρ is density and C is speciﬁc heat. It solves this equation fully analytically in complex volumes
using the Kirchhoﬀ transformation [9] and a subsequent time variable transformation [10], [11] to fully linearise
the equation [7]. The thermal impedance matrix approach then reduces to construction of global heat ﬂow
functions, for power dissipating and temperature sensitive elements in semiconductor integrated circuits, as
∆θi =
∑
j
RTHij (s)Pj (2)
where ∆θi is the Laplace transformed temperature rise of element i above its initial temperature, RTHij(s) is
the thermal impedance matrix in Laplace s-space and the Pj are the transformed time-dependent ﬂuxes due to
power dissipation in elements, j = 1, ..., i, ...M .
Laplace inverting the impedance matrix equation, Eq (2), either analytically or numerically, the temperature
rise of element i at time τ = mδτ , ∆θ
(m)
i , is obtained as a function of the time step power dissipations P
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j .
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∆θ
(m)
i (P
(m)
i ) =
∑
n
∑
j
[
u(m− n+ 1)RTHij((m− n+ 1)δτ)− u(m− n)RTHij ((m− n)δτ)
]
P
(n)
j , (3)
where u(τ) is the unit step function. These coupled electro-thermal equations are solved self-consistently.
For the generic thermal subvolume of Fig. 3, the corresponding form of the thermal impedance matrix is,
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where, zi1, zi2 are the z-coordinates of the planes bounding heat dissipating volume, i, in the z-direction and
Di is the corresponding x − y cross-section. κS is thermal conductivity and kS is diﬀusivity, κS/ρC, both at
Kirchhoﬀ transformation temperature, TS . δmn is the Kronecker delta function.
This expression provides the thermal solution in the form of generalised multiport thermal Z-parameters de-
scribing a thermal N-port, Fig. 3 (inset) [8]. This approach readily generalises to treat structural detail such as
surface metallisation, vias and airbridges [5]–[8].
IV. Non Uniform Finger Spacing
Simulations based on numerical solution of the 2-dimensional heat diﬀusion equation along the active device
channel length, show that non uniform ﬁnger spacing can reduce peak temperatures and can also reduce tem-
perature variation between ﬁngers. 2-dimensional numerical simulations have been compared against the fully
analytical 3-dimensional thermal impedance matrix simulations outlined above. Areal temperature distributions
have been plotted, as in Fig. 4. Use of the 3-dimensional thermal impedance matrix model in a non linear root
ﬁnding algorithm, to search parameter space for the optimum separation of ﬁnger spacings, is described below.
As a ﬁrst step towards device layout optimisation, the thermal resistance matrix is optimised for a bare GaAs
die by variation of ﬁnger spacing. Optimal design is chosen to be that with the most uniform distribution of
peak temperatures in active device channels. Fig. 5 illustrates three conﬁgurations used for comparison. A little
thought makes apparent that on a die with adiabatic sidewall boundary conditions, symmetrically placed ﬁngers
with ﬁnger spacing of exactly L/N , where L is the die width and N is the number of ﬁngers, will give exactly
uniform temperatures at device channels. This conﬁguration is shown in Fig. 5 (a). However, this requires a
separation of edge ﬁngers and die edges, of just L/2N , which will typically be too small to allow dicing of a
semiconductor wafer. The same uniform ﬁnger spacing, but allowing for a signiﬁcant border around the die
ﬁngers, is illustrated in Fig. 5 (b). However, this conﬁguration will now produce non uniform temperature
distribution across die ﬁngers. Finally, Fig. 5 (c) illustrates the proposed optimisation of device design, by non
uniform ﬁnger spacing, within the prescribed border, to achieve uniformity of device temperatures.
A. Non linear optimisation
Non linear optimisation is achieved by employing the thermal resistance matrix in a multidimensional direction
set (Powell’s) method and in a simulated annealing approach based on a modiﬁcation of the downhill simplex
method [12].With∆θi the temperature rise in active channel, i, due to power dissipations, Pj, in active channels,
j = 1, ..., i, ...,N , and putting Pj = P for all j, the mean temperature rise, ∆θ, is given as,
∆θi =
∑
j
RTHijPj, ∆θ =
P
N
∑
ij
RTHij . (6)
Optimisation is then chosen to correspond to minimisation of the function,
σ =
√
1
N
∑
i
(
∆θi −∆θ
)2
. (7)
Fixing the outer ﬁngers at the required border, and using symmetry for a 10-ﬁnger device, this is a non linear
minimisation problem for the function σ(∆x1,∆x2,∆x3,∆x4), with ∆xi the independent ﬁnger separations.
V. Simulated results
After optimisation of the thermal resistance matrix, coupled electro-thermal simulations were performed by
combination with the Leeds Physical Model (LPM) of MESFETs and HEMTs [1]–[4]. Coupling the thermal
resistance matrix to the LPM, the results of Figs. 6–8 were obtained. Fig. 6 illustrates the totally uniform
temperature response obtained in the unrealistic case of completely optimal uniform ﬁnger spacing without
a signiﬁcant die border. Fig. 7 illustrates the conventional temperature proﬁle obtained with uniform ﬁnger
spacing on a successfully diced device. Finally, Fig. 8 illustrates the nearly uniform temperature proﬁle obtained
with non uniform ﬁnger spacing as determined by non linear optimisation. In contrast to the intuitive monotonic
decrease of ﬁnger spacing suggested in Fig. 5 (c), the optimised result groups ﬁngers in pairs.
VI. Experimental Validation
For model validation, fully physical electro-thermal simulations of a 24 mm gate length power HEMT were
compared against thermal images obtained with an Inframetrics ThermaCam, Figure 4. Agreement was good.
VII. Conclusions
A fully physical, coupled electro-thermal model of MESFETs and HEMTs has been described. This model has
been used in the optimisation of FET design by non uniform ﬁnger spacing. The model has been validated
experimentally by high resolution thermal imaging.
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Fig. 1. Self-consistent Schrodinger-Poisson solution from the
LPM for HEMT band-edge proﬁle, subband structure, and
carrier density normal to the heterointerface.
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Fig. 2. FET cross-section and layer structure illustrating Gaus-
sian boxes used in the LPM to model the 2-d proﬁle.
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Fig. 3. Thermal subvolume with arbitrary distribution of power
dissipating volumes, for construction of thermal impedance
matrix, RTHij (s). Inset: corresponding thermal N-port.
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Fig. 4. Measurement and electro-thermal simulation of surface
temperature in a 60-ﬁnger power HEMT. Bias (VDS, VGS)
= (8 V, -1.5 V) and power dissipation is 3.2 W.
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Fig. 5. Schematic ﬁnger spacings of a multi-gate FET: (a) op-
timal uniform ﬁnger spacing (b) non optimal uniform ﬁnger
spacing (c) optimal non uniform ﬁnger spacing.
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Fig. 6. Coupled electro-thermal simulation of surface tempera-
ture proﬁle for (a) optimal uniform ﬁnger spacing.
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Fig. 7. Coupled electro-thermal simulation of surface tempera-
ture proﬁle for (b) non optimal uniform ﬁnger spacing.
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Fig. 8. Coupled electro-thermal simulation of surface tempera-
ture proﬁle for (c) optimal non uniform ﬁnger spacing.
